In this study, form-stable composite phase change materials (PCM) for latent heat storage were prepared by impregnating paraffin wax into the pores of the expanded perlite (EP). The characterization of the composite PCMs was performed by FTIR, TGA, SEM and DSC analysis. The melting point and heat of fusion were determined for 25 % paraffin included composite, as 54.3 °C and 94.71 J/g and for 45 % paraffin included composite as 53.6 °C and 106.69 J/g, respectively.
INRODUCTION


The energy consumption has increased with use of energy intensive applications and development of the technology. On the other hand, the used energy resources of the earth are being depleted rapidly. Energy storage is as important as to develop renewable energy sources.
Thermal energy storage systems are used in many thermal applications such as heating and cooling systems, solar energy collectors, air-conditioning in buildings, and industrial heat recovery systems [1, 2] . Thermal energy storage can be stored sensible heat, latent heat and thermochemical or combination of these.
Phase change materials (PCM) are one of the most used materials in thermal energy storage and temperature control of many engineering applications [1, 3 -8] . PCMs store energy by absorbing and releasing of heat in phase change processing in the form of the latent heat of fusion. Depending on their phase change states, PCMs are classified in four categories liquid-gas, solid-liquid, solid-gas and solid-solid PCMs [2 -4] . Although solid-gas and liquid-gas phase changes provided higher latent heat, the volume changes in the phase transition is excessive and this change in volume makes the system complicated and impractical [3] . Therefore, many researchers are concerned with the solid-liquid and solid-solid phase transformations. The solid liquid PCMs are classified in three main groups: Organic, inorganic and eutectic. Organic PCMs can be paraffin or non-paraffin. The latent heat of inorganic PCMs are greater than that of organic PCMs but during the phase change of inorganic PCMs, sub cooling and phase separation may occur. On the other hand, the organic PCMs have many advantages: non corrosive, no sub cooling, non-toxic, and have a steady performance [3, 9 -12] .
Due to their desirable properties such as high latent heat, negligible subcooling, being chemically inert and stable, and commercial availability, paraffin is widely used as a latent heat storage material. However, paraffin suffers liquid leakage during the solid-liquid phase change [3 -6, 13] . It is necessary to develop new methods to prevent the leakage during process and to improve applicability of paraffin as PCM. Many researchers used support materials such as graphite, aluminium powder, expanded graphite, expanded perlite, carbon nanotubes, and activated carbon to avoid the liquid leakage [14 -18] .
Expanded perlite (EP) is a glassy volcanic rock, and through its porous structure, high specific surface area, low density, low cost, and good thermal reliability it is one of the promising porous carriers for PCMs. Li et al. [14] prepared shape-stabilized PCMs by adsorbing paraffin into the pores of EP by the vacuum adsorption method and gypsum was added to the prepared PCMs for use as heat storage boards in buildings. Karaipekli et al. [19] prepared an eutectic mixture of capric acid and myristic acid to absorb it into the EP for latent heat storage in buildings. Z. Lu et al. [20] prepared form stable PCMs by using the direct impregnation method. The paraffin was impregnated into the EP pores and according to their results, there was no leakage. Zhao et al. [21] developed form stable PCMs with paraffin wax and halloysite composite and they added the graphite or carbon nanotubes to prevent the form of the composite at high temperature.
In the present study, form stable paraffin wax/expanded perlite composites with two different paraffin mass fractions (25 % and 45 % paraffin included by weight) were prepared by the wet impregnation method. This simplest method is cheapest and environmentally safe method to prepare composite PCM. The commercial paraffin was absorbed into the porous structure of the expanded perlite by using ethyl alcohol as carrier solvent. Paraffin was enclosed into the EP pores and during the phase change process the leakage of the paraffin was prevented. The thermal properties and stability of composite PCMs were analyzed by differential scanning calorimeter (DSC) and by a thermo gravimetric analysis instrument (TGA). The structures and morphologies of the perlite and paraffin/EP composites were analyzed with the Fourier transformation infrared spectroscope (FTIR) and scanning electronic microscope (SEM). Their heat accumulation and heat release properties were determined with heating and cooling processes. Finally, the thermal reliability of the prepared composite PCMs was investigated with a heating and cooling cycling test.
EXPERIMENTAL
Materials
Paraffin wax was used as a PCM (product code is U391) and was supplied by Oztin Chemical Company, Turkey. The melting point and latent heat of the paraffin wax are 52.8 °C and 180 J/g, respectively. Expanded Perlite (EP) was used as a support material and it was obtained from the Batıcim-AS Company, Turkey. In the preparation of the composites, ethyl alcohol (> 99.5) from Merck was used as carrier solvent. The Brunauer, Emmet and Teller (BET) surface area of the used EP was 2.3 m 2 /g.
Preparation of paraffin/expanded perlite composite PCMs
Two different mass fraction of paraffin and EP form stable PCMs were prepared using a wet impregnation method. Initially 25:75 and 45:55 mass ratio of paraffin and EP were weighted with 0.001 g accuracy. The paraffin wax was heated above its melting point, and absolute ethyl alcohol was added to the paraffin wax with 3:1 mass ratio (ethyl alcohol/ paraffin) and stirred vigorously at 60 °C, until homogeneity was maintained. Then the EP was added to the paraffin wax-ethyl alcohol solution and the resulting mixture was placed in an ultrasonic bath at 60 °C for 1 hour to diffuse the solution into the pores of the EP. After this, the mixture was stirred at 60 °C for 2 hours to evaporate the ethyl alcohol. Finally, the composite mixture was put into an oven at 80 °C for 16 hours to remove all the ethyl alcohol solvent.
The prepared form stable PCMs were included 25 % paraffin wax and 45 % paraffin wax by weight.
Characterization of the prepared composite PCMs
The structural analysis of the prepared composite PCMs, perlite, and paraffin were recorded using the FT-IR (Perkin Elmer Spectrum 100) from 400 -4000 cm -1 with a resolution of 2 cm -1 with a KBr pellet. The surface morphology of the composite PCMs were expressed with a scanning electronic microscope (FEI Quanta 250 FEG SEM). The thermal stability of the PCMs was determined by thermo gravimetric analysis instrument (Perkin Elmer Diamond TG/DTA). Temperature programs were run from 30 to 500 °C at a heating rate of 10 °C/min in a nitrogen atmosphere. The thermal properties of the form stable composites PCMs, such as melting and freezing temperatures, and latent heats were measured by a differential scanning calorimeter instrument (DSC, PerkinElmer Diamond). The heating and cooling rate of 5°C/min was performed under a constant nitrogen stream at a flow rate of 10 ml/min for all the DSC measurements. The heat accumulation and heat release properties of the paraffin wax, perlite and prepared PCM composites were determined using heating and cooling processes. In heating and cooling cycles, a certain amount of sample was put into a tube and thermocouple was placed in the middle of the sample. The sample was placed in the hot water bath at 70 °C for heating. When the tube temperature was reached equilibrium the sample tube was transferred into cryostat at -5 °C for cooling. During the heating and cooling of the sample, the temperature of tube was recorded with time. The heating cooling cycles were repeated 100 times to determine the stability of the PCMs.
RESULTS AND DISCUSSION
FT-IR analysis
The FTIR spectra of perlite, paraffin wax, and prepared paraffin wax/EP composites are shown in Fig. 1 . In the FTIR spectra of paraffin wax, the symmetrical stretching vibration of its CH3 group is presented at 2915 cm −1 , and the symmetrical stretching vibration of its CH2 group is shown at 2849 cm −1 . The peak at 1471 cm −1 is due to the deformation vibration of its CH2 and CH3. The peak at 740 cm -1 corresponds to out-of-plane blending vibration of C-H group [22] . In the FTIR spectra of the expanded perlite, the peak at 1020 cm −1 represents the SiO-Si stretching vibrations. The adsorption at 850 -900 cm −1 corresponds to the vibrational modes of the Al-OH-Al and AlOH-Mg groups, respectively. The peak at 786 cm −1 represents the Si-C stretching and CH3 rocking vibration [23] . In the FTIR spectra of both the composites, only the expanded perlite and paraffin wax peaks were seen, new peaks were not observed. This indicates that there was no chemical interaction between the expanded perlite and paraffin wax. The FTIR results show that the paraffin wax and expanded perlite preserve their original form in the composites and the prepared composites are just a physical combination of the paraffin wax and expanded perlite. 
TGA analysis
For the PCM composite, one of the most important factors is thermal stability. To determine the thermal stability of the composites, TGA is commonly used. In Fig. 2 , the TGA curves of both the composites PCMs are shown. The weight loss of the paraffin wax starts nearly 135 °C. Due to the evaporation of paraffin wax the decomposition amount increased rapidly after this temperature and 99 % weight loss were measured at 280 °C. Below the temperature at 155 °C, there was no decomposition for both prepared composites. The PCM composites are stable up to 155 °C. At 245 °C, 5 % decomposition is seen. The weight loss starting temperatures of composites were higher than that of paraffin wax. This indicates that the physical interaction between perlite and wax. Several researchers also reported these interactions [15, 19, 20] . Z. Liu et al [20] , deal with expanded perlite can improve the thermal stability of composites and paraffin EP composites more stable than the paraffin. According to Fig. 2 , when the weight losses of the composites are compared, the amount of weight losses above 400 °C are related to the amount of paraffin wax in the PCM composites. Therefore, we can say that, all paraffin wax in the PCM composites decomposes above 400 °C. 
Thermal performance
Heating and cooling processes were applied to the paraffin wax and prepared PCM composites. These results were plotted as temperature versus time graph which is shown in Fig. 3 . The heating and cooling processes were applied for 20 min to observe the stable conditions. As it can be seen in Fig. 3 , the paraffin wax has a higher heating and cooling rate than the prepared composites. Although the heating and cooling rate decreased with the perlite amount added to the composite, the difference was not remarkable. This means the thermal conductivity of the perlite is as low as the paraffin wax.
SEM results
In Fig. 4 the SEM images of the expanded perlite and prepared composite PCMs are shown. The porous structure of the perlite in Fig. 4 a -c shows that the paraffin wax was dispersed uniformly into the pores and on the perlite surface. After 100 heating and cooling cycles, the morphologies of the prepared composite PCMs were checked and the SEM images are given in Fig. 5 a -c . When the structure of the composite PCMs before and after 100 heating and cooling cycle are compared, there are no changes in the morphology of the composites and there is no leakage and degradiation of the composite PCMs after the heating and cooling cycles. Perlite has a porous structure and its pores are suitable to keep the paraffin wax within. 
DSC results
The melting and freezing points and latent heats of the paraffin wax and prepared composite PCMs before and after 100 heating-cooling cycles are listed in Table 1 and the DSC curves are given in Fig. 6 . According to the DSC curves, there exist two peaks. The minor peak represents the solidsolid phase change and the main peak corresponds to the solid-liquid phase change. The phase change temperatures of both the prepared composite PCMs increased approximately 1 to 1.5 °C compared with the phase change temperatures of the paraffin wax. The change of the melting temperature is a denotation of the strength of the interactions between the PCM and its support. If there is a strong interaction between the PCM and support pores, the melting temperature will increase and some researchers have found the same results for different composites [11, 18, 24] . According to the results, strong interaction is observed between the used paraffin wax and expanded perlite. Comparing the latent heat data of the paraffin wax with the prepared composite PCMs, the latent heat value decreases with the increasing EP amount into the composite PCMs. Including a 75 % and 55 % of perlite by weight in the composite PCM decreases the latent heat only, 47 % and 40 %, respectively. This decrease can not only be related with the increasing amount of perlite in the composite PCM it also depends on the interaction between the expanded perlite and paraffin wax. C. Wang et al. have mentioned that the reason for the loss of latent heat is the interaction between the PCM and supporting material [11] .
One of the important parameter for the composite PCM is the thermal reliability. The thermal properties of the materials can change after many thermal cycles and latent heat and phase change temperatures may deform significantly. A suitable composite PCM should have steady thermal properties with many phase change cycles without degradation [8 -10] . According to the DSC results, the prepared composite PCMs retain their latent heat and phase change temperatures after 100 heating and cooling cycles. 
CONCLUSIONS
Paraffin/EP composite PCMs were prepared with one of the easiest and cheapest methods of wet impregnation. Paraffin was absorbed into the pores of the EP using an ultrasonic bath. The used method and materials are most suitable to manufacture PCM composite for industrial production, because it is economical and environmentally safe. The prepared form stable PCMs include 25 % and 45 % paraffin by mass fraction. According to the DSC results, the prepared composite PCMs retained their latent heat and phase change temperatures after 100 heating and cooling cycles. In addition to this the PCM composites were stable up to 155 °C. The FTIR results show that the prepared composites were a just physical combination of the paraffin wax and expanded perlite. The SEM images indicate that paraffin was uniformly dispersed into the EP and the composite maintains its form perfectly without any leakage and deformation after 100 heating and cooling cycles.
Based on the obtained results, it can be concluded that the presented form stable composite PCMs are suitable for use of thermal energy storage applications, especially for building energy reservation.
